 oxygen plasma treatment on FR-4 laminates  effect of power and exposure time studied to achieve long-lasting hydrophilic properties  super-hydrophilic surface for 13 days demonstrated  surface remains weakly hydrophilic between 13 th and 26 th day after the treatment  hydrophilic behaviour is retained for 26 days in total  oxygen plasma treatment was used on a commercially manufactured PCB microfluidic chip to enable passive filling of a microfluidic network
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Currently, the vast majority of microfluidic devices are based on polymers or paper substrates since these are the most affordable, easily disposable, and versatile materials for large-scale fabrication of inexpensive microfluidic devices [1] [2] [3] [4] . Polymers such as polydimethylsiloxane (PDMS) [5, 6] , polymethylmethacrylate (PMMA) [7, 8] , polystyrene (PS) [9] , polycarbonate (PC) [10, 11] and cyclin olefin copolymer (COC) [12] are fabricated using methods such as soft lithography, hot embossing, micromolding and laser micromachining techniques. Despite their widespread use, functional integration of components including electronics, heaters, electrodes, optoelectronics, and sensing elements remains a challenge [13] . Paper-based platforms have limited sample preparation capabilities but their use as diagnostic platforms is beginning to increase although there are issues with sensitivity and specificity [14] .
An alternative approach to microfluidic diagnostics is based on the use of a mixed circuit board (MCB) demonstrated by Lammerink et al [15] and first developed by Merkel et al [16] . This uses printed circuit board (PCB) manufacturing technology for microfluidic systems, incorporating copper traces, electronic assemblies, functional microfluidic components and sensing electrodes in a fully integrated Lab-on-Chip (LoC), i.e. the Lab-on-PCB [17] . Such as simple substrate is ideal for commercial upscaling of LoC devices, since it benefits from the high degree of electronics integration, high precision, and the accumulated experience of several decades of industrial manufacturing [13, 18] . Examples of PCBbased devices include micromixers [17] , nucleic acid amplification chips [19] and chemical sensors [20] .
The core material of a PCB stack is E-glass reinforced epoxy laminate (FR4), an intrinsically hydrophobic material. Therefore, microfluidic devices fabricated exclusively by commercially available PCB techniques require pump for fluidic manipulation. Passive capillary fill systems require some form of stable surface modification process that produces a hydrophilic FR-4 core. Previous studies have shown how oxygen plasma treatment on FR-4 can improve the adhesion strength of underfills [21] or wire bonding [22] .
Since oxygen plasma treatment is a widely used, well-known, and cost effective method to render polymer substrates hydrophilic [23, 24] , in this work we explore its application in fabricating passive FR-4 based microfluidic channels. To our knowledge such microfluidic structures have not been demonstrated yet. We study the effect of oxygen plasma treatment on the properties of FR-4 surfaces for different input power and treatment times. In the quest of a longlasting hydrophilic behaviour, the recovery behaviour of the surface was also studied. The optimal oxygen plasma parameters were used to treat a commercially manufactured PCB microfluidic network and successful hydrophilic modification of the microchannels was demonstrated.
Materials and methods

Contact angle measurement
The static contact angle (CA) was measured on sessile deionized (DI) water 3 μL droplets, engaged gradually on level FR-4 (Flame Retardant 4) surfaces. A Drop Shape Analysis System (DSA 30 Kruss Co., Germany) was employed for CA calculation from captured images. A polynomial function was fitted to the two 3-phase sections of the profile in the region of the baseline. The slope of the polynomial function at the 3-phase contact points determines the contact angle and two contact angles on the left (θ L ) and right (θ R ) side of the droplet were evaluated. Every measurement was repeated three times and the average value was calculated.
All measurements were taken at the centre of the FR-4 substrates under constant and controlled laboratory conditions. The wettability of each sample was evaluated at the same position before treatment, immediately after treatment and systematically once every day to further investigate surface characteristics as a function of time. Results were classified on the basis of contact angle, taking into account recent published recommendations summarised in Table 1 [25] . Weakly hydrophilic 0°~ 5° < θ < (56 ~ 65°)
Weakly hydrophobic (56 ~ 65°) < θ < 90°
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* r : ratio of the true solid surface area to the apparent area
Atomic force microscopy (AFM) measurement
Atomic Force Microscopy (AFM) maps were acquired by a MultiMode Nanoscope V AFM (Veeco Metrology Group) in tapping mode using commercial Al coated Si tips (Budget sensors, Tap300Al-G) with 125 μm long cantilevers, resonant frequency of 300 kHz and force constant of 40 N/m.
Oxygen plasma treatment
Oxygen plasma treatment was performed with a Diener Femto (Diener Electronic, Germany) capacitively coupled plasma reactor. The radiofrequency (RF) power supply was operated at 13.56 MHz and the oxygen gas flow rate was 81 standard cubic centimetre per minute (sccm) under 100 kPa pressure. The maximum achievable input power in this particular plasma reactor was 100 W. All samples were treated with varying input power (P) and treatment time (t t ). Before every treatment the matching network was tuned manually to maintain the reflected power below 2% and to maximize the forward power (98% in case of input power 100 W).
Samples studied
Oxygen plasma assisted surface modifications were performed on commercially available FR-4 substrates, supplied by Newbury Electronics Ltd. FR-4 is a composite material, consisting of woven fiberglass with an epoxy resin binder, primarily and routinely used in PCB manufacturing. No mechanical posttreatment was employed to reduce intrinsic surface roughness.
The PCB microfluidic structures studied consist of a 3 layer FR-4 stack, illustrated in Fig. 1a to c. It comprises two 500 μm thick FR-4 core layers (Layer 2 and 3) and a thinner 200 μm thick FR-4 core (Layer 1), allowing optical inspection of the microfluidic channels. The two top layers (Layer 2 and 3) are formed following standard electronic PCB fabrication (mechanical drilling of vias, copper pattern definition and via electroless copper plating).
The fluidic delivery network layer on the bottom is formed on the thin FR-4 core (Layer 1) by laminating a 51 μm photo-patternable negative dry photoresist (DuPont, PC1020), routinely utilized as a standard copper etch mask by PCB manufacturers. The microfluidic channels were patterned utilizing a laser direct imaging (Limata, UV-P300 LDI) system. The microfluidic chip features several variations of the design (minimum feature size = 150 μm). The basic design consists of a 3.1 mm long microchannel (Layer 1) connected in series with three pairs of concentric vias (Layer 2 and 3), stacked one on top of the other. The Layer 3 vias serve as channel inlets and outlets.
Each layer was patterned according to the respective CAD design and the patterned layers were bonded together to form the final stack via a pressure/temperature bonding press. Subsequently, individual chips were separated from large panels. 
Results and discussion
It is evident throughout the literature that oxygen plasma treatment acts chemically by oxidising the polymer surface. X-ray Photoelectron Spectroscopy (XPS) measurements reveal that oxygen content on the surface is increased, carbon content is depleted while oxygen functional groups are formed such as carbonyl (-C=O), carboxyl (-COOH) and carbonate (CO 3 ) [21, [26] [27] [28] . The appearance of functional groups increases the surface free energy of the material.
Changes in the surface free energy (SFE) of a solid affects its wetting behaviour. In essence, high SFE A c c e p t e d M a n u s c r i p t solids are hydrophilic and tend to promote wetting, while low SFE solids have a hydrophobic behaviour. The contact angle method is widely used to characterize the wettability of a solid surface. Previous studies reported that oxygen plasma treatment of the FR-4 surface improves the C-O and carbonyl (C=O) ratios and decreases the root mean square (RMS) roughness. Consequently, the measured contact angles were decreased by the increased total surface energy as well as the creation of new binding states by the plasma treatment. [21] However, the rendered hydrophilicity by the oxygen plasma treatment is subject to aging effects causing hydrophobic recovery of the treated surface. Ageing effects can be attributed to a thermodynamically driven reorientation of the oxygen functional groups away from the surface into the sub-surface and the decay of these hydrophilic groups by atmospheric contaminants [28] [29] [30] .
Plasma treated PDMS is the most popular substrate utilized for microfluidic device development. However, the retention of the oxygen plasma rendered hydrophilicity cannot exceed a 7-day period if stored in air [31, 32] . Therefore, in this work a hydrophilicity retention period of several weeks is considered as long-lasting surface modification, regarding applications in microfluidic channels.
The contact angle of DI water on plain FR-4 surfaces was first measured prior to any treatment, and found to be 118.3±3.4° (Fig. 2(a) ). An initial oxygen plasma treatment was performed on these untreated surfaces (P=100 W, t t =2 and 20 min) in order to investigate the possibility of making them more hydrophilic. The contact angle was measured immediately after plasma treatment. Fig. 2(b) and (c) depict a representative DI water droplet spreading on the FR-4 surface after 2 sec and 10 sec respectively (plasma treatment P=100 W, t t =2 min). As shown, the contact angle is almost 0°, hence it can be deduced that O 2 plasma treatment changes the hydrophobic FR-4 surface to super-hydrophilic. 
right droplet side respectively (b) oxygen plasma (P=100 W, t t =2 min) treated (t 1 =2 sec after droplet attachment), and (c) oxygen plasma (P=100 W, t t =2 min) treated (t 2 =10 sec after droplet attachment).
It is well known that roughness has a strong influence on wettability of surfaces [33] . AFM was used in this work to characterize the surface morphology and the roughness of the FR-4 surface before and after oxygen plasma treatment. The root mean square (RMS) roughness calculated on 1x1 µm 2 areas of untreated and treated surfaces was found to be 9.70 nm and 5.30 nm respectively (Fig. 3) . Although it has been reported that oxygen plasma on other polymeric surfaces can increase the RMS roughness [34] , our findings are in agreement with the results of previous studies demonstrating a decrease as an effect of O 2 plasma treatment on the FR-4 surface [21] . The aim is to produce passive hydrophilic devices. Therefore the time course of the recovery of the original surface properties is important. Hence, contact angle measurements were made on the treated samples for a period of 28 days. The sample exposed for 2 min became weakly hydrophilic after 5 days, with a CA greater than 5° (Fig. 4) In contrast, treating the surface for 20 min led to the superhydrophilic regime that remained even after 12 days (apparent CA <5°) (Fig. 4) . Since retention of hydrophilicity seems to depend on plasma treatment conditions, the next step was to define the optimum O 2 plasma treatment conditions that result in the lowest possible change in contact angle over time.
M a n u s c r i p t
Page 5 of 5 Plasma input power P=100 W and duration:  (red) t t =2 min, ■ (black) t t =20 min
Oxygen plasma input power
First the effect of oxygen plasma power density on the surface wettability was studied. Three different input power values (P=50 W, 75 W, 100 W) were investigated, for treatment times (t t ) of 2 min and 20 min. The average measured contact angle on the 6 untreated FR-4 surfaces was 118.3±2.7° (the error in this case, and subsequently is the 95% confidence interval). Immediately after plasma treatment all the samples became superhydrophilic (apparent CA≈0°). The samples were subsequently measured daily for a 14-day period.
As expected, the highest plasma input power (P=100 W) results in a hydrophilic surface that retains its characteristics longest (CA=7.9±2,2° for t t =20 min and CA=27.1±0.8° for t t =2 min), (Fig. 5(a) ). Moreover, the CA appears to decreases linearly with input power P for the shorter treatment times (t t =2 min). (c),(e),(g) for t t =20 min.
Treatment time seems to be as important as input power for the 100 W case. For the lower input power used the hydrophilic properties are almost the same 14 days after treatment. The highest plasma input power (P=100 W) combined with the extended treatment duration time (t t =20 min) leads to the most pronounced retained hydrophilic behaviour on the 14 th day (CA=7.9±2.2°). (d) P=75 W, t t =2 min; (e) P=75 W, t t =20 min; (f) P=100 W, t t =2 min; (g) P=100 W, t t =20 min
Oxygen plasma duration effect
The effect of oxygen plasma treatment time on the hydrophilicity retention time of FR-4 was examined in more detail. A batch of four samples was modified by oxygen plasma at the previously determined optimum input power (P=100 W). Before surface modification the average contact angle of the four samples was 119.5±5.2°. Immediately after the plasma treatment all samples exhibited extreme hydrophilicity (CA≈0°), as observed previously. Fig. 6 shows the surface wettability of the samples on the day 14. A clear trend is observed where the contact angle decreases with increasing treatment time. The sample treated for t t =20 min at P=100 W maintains a strong affinity to water even 14 days after plasma exposure, with a contact angle of 7.9±2.2°. On the contrary samples treated for 2 min, 5 min and 10 A c c e p t e d M a n u s c r i p t Page 6 of 6 min had a surface wettability within the weakly hydrophilic regime i.e. CA=27.1±0.8°, 16.9±1.7° and 14.6±1.6° respectively. Having defined the optimum oxygen plasma treatment conditions, a longer term ageing study was performed to investigate the retention period of hydrophilicity induced by oxygen plasma on FR-4 surfaces. Samples were oxygen plasma treated for 20 min at an input power 100 W. Subsequently contact angle measurements were performed daily for 26 days. The results are plotted in Fig. 7 .
Following the classification of surface wettability (Table 1) , three retention periods can be identified, namely super-hydrophilic, weakly hydrophilic and weakly hydrophobic. The surface is super-hydrophilic for the first 13 days where the apparent contact angle is below 5° (CA≈0°).
Afterwards the wettability enters the weakly hydrophilic regime. The duration of this period is again 13 days where the 26 th day the measured sessile droplet contact angle is 64.0±2.37°. Hence the hydrophilic retention period of the treated surface for 20 min under 100 W input power can be considered as 26 days. However, shorter plasma treatment duration time (t t =2 min) with the same plasma intensity (P=100 W) results in long-lasting (17 days) weakly hydrophilic behaviour, as illustrated in Fig. 7 (•, red) .
According to the observations above, FR-4 laminates treated by oxygen plasma (P=100 W, t t =20 min) exhibit long-lasting (26 days) weakly hydrophilic properties and for the first 13 days can be classified as super-hydrophilic. Consequently, this material could be used as substrate for passive microfluidic components. The post-treated microfluidic structures would be expected to remain hydrophilic for a sufficient period of time, owing to the FR-4 hydrophilicity retention presented. 
Hydrophilisation of PCB microchannels
In order to explore whether the specified oxygen plasma post-treatment could be used to produce passive PCB microfluidic structures, a basic microfluidic network was designed and manufactured in collaboration with Newbury Electronics Ltd, a UK based PCB industrial manufacturer. Fig. 8(a) illustrates a cross-sectional schematic of the structures. The PCB microfluidics were delivered from the manufacturer and examined by attempting to fill them with DI water under capillary action.
A 500μm thick blunt needle, maintained at a fixed distance (~400μm) from the channel inlet (to avoid any external pressure), supplied DI water droplets to the inlet. At the beginning a droplet starts to form in the centre of the inlet via 1 (Fig. 8(b) ) and by gradual expansion attaches to the internal wall (Fig. 8(c) and  (d) ). As the size of the droplet increases and by the time its volume becomes larger than Via 1, the droplet enters the underlying Via 4 ( Fig. 8(e) ). On the bottom of Via 4 the hydrophobic FR-4 surface (which also serves as the microchannel bottom), meets a capillary barrier. The barrier is created by the hydrophobic surfaces of the microchannel walls and cannot be overcome by the low hydrostatic pressure of the expanding droplet itself (no external pressure applied). Fig. 8(f) illustrates the droplet at the time A c c e p t e d M a n u s c r i p t (104 sec after start) when the two vias (Via 1 and Via 4) are fully filled. Afterwards water cannot flow through the microchannel and consequently, the droplet starts expanding out of Via 1 as shown in Fig.  8(g) .
Therefore, commercially manufactured microfluidic structures on FR-4 cannot be considered intrinsically passive, as expected, due to the inherent hydrophobic nature of FR-4. The same, sealed PCB microfluidic structures were treated with the oxygen plasma (P=100 W, t t =20 min). After treatment the same sample was examined for passive filling, by repeating the previous experiment. The flowrate through the blunt needle was set to 20 μL/min. Fig. 8(h) and (i) illustrate the inlet filling procedure (Via 1 and 4) . By comparing Fig. 8(i) and (j) in the area of Via 2 it can be observed that Via 2 in Fig. 8(j) was filled. The surface of the water reflects light and is visible in the middle of Via 2. This demonstrates that the DI water has moved through the microchannel connecting Via 4 and 5. One second later (t=7 sec, Fig. 8(k) ), this water surface disappeared, although the flowrate through the needle had not changed. Actually, the water level in Via 2 dropped due to further water flow through the microchannel connecting Via 5 and 6. As a consequence, after 2 seconds (t=9 sec, Fig. 8(l) ) water level in both outlet vias (Via 2 and 3) rose concurrently forming a meniscus. Fig. 8(m) illustrates the formed meniscus in its greatest extend.
The experiment was performed daily on structures of different size (via diameters and microchannel width) and the same behaviour was repeatedly observed. It is worth noting that even 26 days after plasma treatment, wide microchannel (500μm) structures could be successfully filled, and the water menisci appearing through the outlet vias were formed concurrently. Therefore, plasma treatment delivers PCB passive microfluidic channels, maintaining their hydrophilicity over 26 days.
Conclusions
We have demonstrated that oxygen plasma treatment of sealed, commercially manufactured PCB microfluidic structures can render them hydrophilic and suitable for passive microfluidics systems. Different plasma input power settings and treatment times were investigated to determine long-lasting hydrophilic FR-4 surfaces using commercially manufactured microfluidic PCBs. Both plasma input power and treatment time affected the surface hydrophilicity, with increased input power and longer treatment times showing better long term retention. The optimal oxygen plasma treatment conditions were P=100 W and t t =20 minutes. FR-4 substrates treated under these conditions were found to remain superhydrophilic for 13 days and weakly hydrophilic for a further 13 days. Hence, the hydrophilic behaviour was retained for 26 days. The oxygen plasma treatment was used on a commercially manufactured (Newbury Electronics Ltd) PCB microfluidic test chip, formed from FR-4. Treated structures could be passively filled with DI water. Further experiments indicate that the long-lasting weakly-hydrophilic behaviour of the treated FR-4 surface, can deliver a simple passive microfluidic platform. The inherent characteristics of a PCB based microfluidic device (electronics and sensing electrode integration, upscaling, low cost) are further enhanced by the prominent capabilities of passive microfluidics (no external power source for liquid flow), result to the ideal candidate for a disposable diagnostic Labon-PCB platform.
